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Summary
Background When investigating suitability for epilepsy surgery, people with drug-refractory focal epilepsy may have
intracranial EEG (iEEG) electrodes implanted to localise seizure onset. Diffusion-weighted magnetic resonance
imaging (dMRI) may be acquired to identify key white matter tracts for surgical avoidance. Here, we investigate
whether structural connectivity abnormalities, inferred from dMRI, may be used in conjunction with functional
iEEG abnormalities to aid localisation of the epileptogenic zone (EZ), improving surgical outcomes in epilepsy.

Methods We retrospectively investigated data from 43 patients (42% female) with epilepsy who had surgery following
iEEG. Twenty-five patients (58%) were free from disabling seizures (ILAE 1 or 2) at one year. Interictal iEEG
functional, and dMRI structural connectivity abnormalities were quantified by comparison to a normative map
and healthy controls. We explored whether the resection of maximal abnormalities related to improved surgical
outcomes, in both modalities individually and concurrently. Additionally, we suggest how connectivity
abnormalities may inform the placement of iEEG electrodes pre-surgically using a patient case study.

Findings Seizure freedom was 15 times more likely in patients with resection of maximal connectivity and iEEG
abnormalities (p = 0.008). Both modalities separately distinguished patient surgical outcome groups and when used
simultaneously, a decision tree correctly separated 36 of 43 (84%) patients.

Interpretation Our results suggest that both connectivity and iEEG abnormalities may localise epileptogenic tissue,
and that these two modalities may provide complementary information in pre-surgical evaluations.
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Epilepsy Research UK.
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Introduction
Resective surgery is an effective treatment option for
people with drug-resistant focal epilepsy.1 The target for
surgery is the epileptogenic zone (EZ), the part of the
brain thought to be responsible for seizure generation.2
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Newcastle University, Newcastle upon Tyne, United Kingdom.
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However, localisation of the EZ can be difficult, partic-
ularly in patients without visible lesions on MRI.

MRI-negative patients typically have a lower chance
of seizure freedom following surgery.3 To improve
localisation of the EZ before surgery, some patients may
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Research in context

Evidence before this study
Intracranial electroencephalography (iEEG) is often used as
part of the pre-surgical evaluation for epilepsy surgery. Prior
studies have shown inter-ictal data may be able to localise
epileptogenic tissue and predict patient surgical outcome.
However, some patient outcomes were incorrectly predicted,
possibly due to incomplete coverage of the epileptogenic
zone with iEEG electrodes. Additionally, diffusion-weighted
MRI (dMRI) has frequently highlighted brain abnormalities in
people with epilepsy. These abnormalities are not currently
used for localisation of epileptogenic tissue in clinical settings.

Added value of this study
In this work, we showed that dMRI abnormalities may localise
epileptogenic regions in patients who subsequently had iEEG
implantation and surgery. This is particularly important
because existing non-invasive methods were unable to
provide a definitive localisation in these individuals. We

validated our results using post-surgical outcome scores.
Additionally, we showed that within-patients structural dMRI
and functional iEEG abnormalities do not necessarily occur in
the same regions. This finding suggests that the two
modalities may provide complementary information for pre-
surgical evaluations. Resection of both the maximal dMRI and
iEEG abnormalities was a strong predictor of post-surgical
seizure freedom.

Implications of all the available evidence
Structural dMRI could be used in pre-surgical evaluations,
particularly when localisation of the epileptogenic zone is
uncertain and iEEG implantation is being considered. Regions
with the greatest structural connectivity reductions should be
strongly considered for sampling by iEEG electrodes. Our
approach allows for the proposal of a personalised iEEG
implantation and resection which may lead to improved
surgical outcome for an individual patient.
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undergo intracranial EEG (iEEG) implantation.2 Each
additional intracranial electrode accumulates a small but
tangible risk to the patient and so there is a finite limit
as to the coverage that can be achieved. This means that
despite iEEG, there is inherent uncertainty in where to
implant and subsequently resect. Improved methods for
the localisation, and subsequent resection, of the EZ
could improve the rates of seizure freedom following
surgery.

The essence of pre-surgical evaluation is the syn-
thesis of a range of data, of varying sources and quality.4

Newer quantitative methods can assist the traditional
qualitative approaches used clinically, and mitigate
against unhelpful human biases. Using quantitative
techniques, patients with epilepsy may have abnormal-
ities detectable by different modalities, including
MRI,5–8 EEG,9–11 MEG,12,13 and diffusion-weighted MRI
(dMRI).14–18 The quantity, magnitude and location of
these abnormalities have been shown to relate to sur-
gical outcome.10,11,19–21 In addition, different modalities
may provide complementary information, such that
multimodal analysis can offer an improvement over a
single modality.22 As a result, quantitative methods to
incorporate multiple modalities may be able to improve
our understanding of seizures, epilepsy and the reasons
for surgical failure.

Electrical recordings of brain activity have long been
used to identify brain regions implicated in seizure
generation. This identification typically involves locating
seizure onset regions from ictal data. More recently,
normative maps of healthy brain activity have been
created using interictal iEEG recordings.10,11,23 These
maps allow for the identification of abnormalities in
individual patients by comparing each patient to a
normative map. Hypothesising that abnormalities may
be epileptogenic, studies have shown that resection of
the more abnormal regions related to a better post-
surgical outcome.10,11 These findings suggest that
interictal iEEG abnormalities may be able to localise
epileptogenic tissue.

Clinically, dMRI is often acquired to surgically avoid
key white matter connections,4 rather than to localise
abnormal regions of the brain. Diffusion-weighted
MRI is used to infer the amount of restriction experi-
enced by water molecules in a given location (connec-
tion) of the brain. In healthy white matter, diffusion is
anisotropic and is less restricted parallel to the direc-
tion of the tract. Diffusion properties (e.g. fractional
anisotropy) are used to quantify structural connectivity
between regions and are often abnormal in patients
with epilepsy.14–18 Additionally, there is evidence that
resection of structural connectivity abnormalities is
associated with a better surgical outcome.19,21,24 Epilepsy
is now considered to be a network disorder25 and
connectivity abnormalities may therefore be a
biomarker of epileptogenic region(s). As a result,
incorporating structural connectivity abnormalities
into the pre-surgical evaluation may have the potential
to improve surgical outcomes.

In this paper, we investigate how structural connec-
tivity abnormalities and iEEG abnormalities may be
used to aid localisation and resection of the EZ in a
retrospective cohort of 43 individuals with refractory
epilepsy. Specifically, we explore whether:

1. Resection of maximal abnormalities in both modal-
ities simultaneously is associated with better surgi-
cal outcome.

2. Both modalities are separately able to distinguish
patient outcomes.
www.thelancet.com Vol 97 November, 2023
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3. Connectivity abnormalities can be used to guide
iEEG implantation.

Methods
Patient cohort
We retrospectively studied 43 patients with refractory
focal epilepsy from the National Hospital of Neurology
and Neurosurgery, London, United Kingdom. Patients
were included if they had available preop dMRI, T1w
MRI, and iEEG data, additional to postoperative MRI
and follow up information. The duration of epilepsy
ranged from 5.7 years to 48.3 years (median = 20.2
years, IQR = 10.1 years), and 18 (42%) patients were
female. Duration and sex information were self-reported
by study participants. All patients underwent anatomical
T1-weighted MRI, diffusion-weighted MRI and iEEG
implantation. Of 43 patients, 21 had surgery on the left
hemisphere. Of these patients, 61% underwent resec-
tion of the temporal lobe, 28% frontal lobe, 7% parietal
lobe, 2% combined occipital and parietal lobes and 2%
combined temporal and occipital lobes. Post-surgical
outcome was assessed using the ILAE classification
scale. An ILAE 1 classification indicates complete
seizure freedom in a patient, ILAE 2 indicates only auras
and ILAE 3+ indicates varying levels of recurring sei-
zures.26 Good post-surgical outcomes (ILAE 1 or 2) were
observed in 58% of patients, with the remainder having
poor outcomes (ILAE 3+) at follow-up of 12 months.
Outcome did not differ by age, sex, TLE/ETLE diag-
nosis, side of resection, number of electrodes implanted
or presence of a visible lesion on MRI (Table 1). A range
of pathologies were present in the patient cohort
including focal cortical dysplasia (35%), hippocampal
sclerosis (21%), dysembryoplastic neuroepithelial tu-
mors (7%) and cavernoma (5%).

dMRI acquisition and processing
Diffusion-weighted MRI acquisition and processing was
carried out as described previously.6 Briefly, the 43 pa-
tients and 96 healthy controls were scanned as part of
two separate cohorts using different scanning protocols.
The first cohort was collected between 2009 and 2013,
and had 39 patients and 29 controls. The second cohort
was collected between 2014 and 2019, and had 4 patients
n ILAE 1,2

25

Age, median (IQR) 30 (6)

Sex, male:female 12:13

Type, temporal:extratemporal 16:9

Side, left:right 15:10

Number of electrodes, median (IQR) 77 (31)

MRI, non-lesional:lesional 10:15

Table 1: Patient data by post-surgical seizure freedom.
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and 67 controls. Diffusion-weighted MRI data were
corrected for signal drift, eddy current and movement
artefacts. The b-vectors were then rotated appropriately,
before the diffusion data were reconstructed in MNI-152
space using q-space diffeomorphic reconstruction
(QSDR). The HCP-1065 tractography atlas was used to
determine connections between regions of the
Lausanne-60 parcellation scheme, which has 128
cortical and subcortical regions of interest (ROIs). A
connection between MNI-152 space regions was defined
as present if streamlines connected both regions in the
corresponding region pair. A full description of dMRI
acquisition and processing is provided in
Supplementary Methods S1.

iEEG acquisition and processing
The 43 patients included here are a subset of a previ-
ously studied cohort10 who also had dMRI. As before,
the 21,598 recording contacts from outside the seizure
onset and initial propagation zone in the RAM norma-
tive cohort of 234 participants with epilepsy were ana-
lysed to act as a baseline of presumed non-pathological
activity (data collected up to Year 3; http://memory.
psych.upenn.edu/RAM). Intracranial EEG acquisition
and processing was carried out as described previously.10

Briefly, 70 s of awake interictal recording was extracted
for each subject, at least 2 h away from seizures. After
applying a common average reference, the power spec-
tral density in each recording was estimated. The
average bandpower was calculated for five frequency
bands (delta: 1–4 Hz, theta: 4–8 Hz, alpha: 8–13 Hz,
beta: 13–30 Hz and gamma: 30–80 Hz). Band power
estimates were log10 transformed and normalised to
sum to 1 for each contact, giving a relative band power.
Implanted electrode contacts were assigned to the
closest (< 5 mm) grey matter region of interest ac-
cording to the Lausanne-60 parcellation scheme. The
regional relative band power (for each frequency band)
was calculated by taking the mean of electrode contacts
assigned to that region. A full description of iEEG
acquisition and processing is provided in
Supplementary Methods S2.

In this analysis, we do not investigate interictal
spikes since this was not predictive of outcome in our
ILAE 3+ Test statistic

18

31.5 (15) t = − 0.38, p = 0.71

13:5 χ2 = 1.63, p = 0.20

10:8 χ2 = 0.06, p = 0.81

6:12 χ2 = 2.01, p = 0.16

69.5 (21.25) t = 0.57, p = 0.57

10:8 χ2 = 0.49, p = 0.48
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previous analysis, and only marginally impacts abnor-
malities (see Fig. 5 and Supplementary Figs S1–S3 in10).

Resection delineation
Since each patient had both pre-operative and post-
operative T1-weighted MRI, we were able to quantify
which regions had been resected. This was done by
linearly registering the post-operative T1w scan to the pre-
operative scan and manually delineating the resected
tissue as a mask as described previously.27,28 Using the
Lausanne-60 anatomical parcellation, each region within a
patient was considered resected if there was a > 10%
reduction in regional volume post-operatively. The results
presented here are robust to differing thresholds (25% and
50%) for considering a region resected (Supplementary
Analysis S3).

Analysis
All data processing was performed using R version 4.12
(https://www.r-project.org), unless otherwise stated.

Connectivity abnormality calculation
The pipeline for calculating connectivity abnormalities
is summarised in Fig. 1 panels A–D. For each subject,
weighted connectivity matrices were inferred in DSI
Studio using fractional anisotropy (FA). ComBat was
Fig. 1: Abnormality calculation pipeline. Connectivity pipeline is shown
A) Connectivity matrices were generated for each patient using average
Connectivity matrices were harmonized across the two sites using ComBa
connection in each patient was z-scored against healthy controls to get c
region were averaged (mean) to obtain region-level connectivity abnor
analysed. F) The relative band power was calculated for five frequency
computed for each region by averaging contacts assigned to that region
relative band power in each frequency band to a normative map and ta
applied to account for systematic differences in
connection weights due to scanner effects.29 Across
subjects, connection weights were corrected for age
and sex effects using a robust linear model applied to
healthy controls. For each connection i, we calculated
the mean μi and standard deviation σi of connection
weights in healthy controls. Connection abnormalities,
Aij for each connection i within each patient j, were
calculated from the connection strength (Cij) using z-
scoring:

Aij =Cij−μi
σi

To summarise connection abnormalities at a regional
level (according to the Lausanne-60 parcellation), we
defined the regional connection abnormality, Rkj as the
mean connection abnormality of all nk connections
from a given region k:

Rkj = ∑
nk

i=1

Aij

nk

Thus, for each region k in each patient j, we derived a
quantitative measure of the abnormality of that regions’
white matter connections.
in panels A–D and iEEG abnormality pipeline is shown in panels E–H.
FA between each pair of regions for the Lausanne-60 brain atlas. B)
t. Known biological effects, age and sex, were regressed out. C) Each
onnection abnormalities. D) Connection abnormalities involving each
malities. E) For each patient, 70s of interictal iEEG recording were
bands for each electrode contact. G) The relative band power was
. H) iEEG abnormalities were calculated for a region by z-scoring the
king the maximum abnormality.

www.thelancet.com Vol 97 November, 2023
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Intracranial EEG abnormality calculation
The pipeline for calculating connectivity abnormalities
is summarised in Fig. 1 panels E–H. For each frequency
band, f, and region, k, within each patient j, iEEG ab-
normalities were calculated using z-scoring:

Zfkj = bfkj−μfk
σfk

,

where bfkj was the band power for a given frequency
band (f), region (k) and patient (j). Further, μfk and σfk
were the mean and standard deviation across all patients
for a given frequency band and region. We then defined
the patient’s band power abnormality for each ROI and
time window as the maximum absolute z-score across
the five frequency bands:

Bkj =maxf (
⃒⃒
zfkj

⃒⃒
)

This maximum absolute z-score was previously shown
to not be systematically derived from a particular fre-
quency band (see Supplementary Figs S10 and S11 in10).

Relating connectivity and iEEG abnormalities
For each patient, we calculated connectivity and iEEG
abnormalities in each region. In this analysis, we took
the subset of regions with iEEG implantation, i.e. re-
gions with both connectivity and iEEG abnormalities.
Two example patients are shown in Fig. 2. Next, we
combined the abnormalities and used a support vector
machine (SVM) to separate the abnormalities into
spared and resected zones. If the SVM successfully split
a patient’s 2D abnormality space into two different
(spared and resected) zones, then we defined this as
successful separation. This separability was not possible
in some patients whose resected and spared abnormal-
ities were overlapping. This SVM approach was used to
determine whether a region with the greatest abnor-
mality in both modalities (i.e. maximal) would likely be
resected or spared within that patient. We tested
whether this tendency to resect maximal abnormalities
related to surgical outcome using a chi-squared test and
odds ratios.

Computing DRS
We defined a statistic, DRS, as the distinguishability
between resected and spared tissue,10,12 equivalent to the
normalized Mann–Whitney U-statistic. This measures
the extent to which abnormalities occur in the spared
regions compared to the resected regions. In the same
way as a (ROC) AUC, DRS is a value between 0 and 1,
where 0 indicates the largest abnormalities are all in the
resected regions, and vice versa. As a result, we might
expect a seizure-freedom in patients with a DRS value of
close to 0, since the most abnormal tissue is removed.
For each patient, DRS values were computed separately
www.thelancet.com Vol 97 November, 2023
for connectivity and iEEG abnormalities. For connec-
tivity DRS, all brain regions were used in the calculation.
This calculation differed from iEEG DRS, which only
used the regions covered with iEEG implantation. We
tested whether there was a statistical difference between
surgical outcome groups using Mann–Whitney U tests
and quantified this difference using the area under the
curve (AUC) of receiver operating characteristic curves.

Relating connectivity and iEEG DRS values
To classify patients based on their surgical outcome, we
fitted a decision tree. This decision tree took connec-
tivity and iEEG DRS values as an input and divided the
space (2-dimensional scatter plot) into seizure-free and
non-seizure-free zones. We ensured that the decision
tree performed one cut based on iEEG abnormalities
and another cut based on connectivity abnormalities,
but did not specify the order or placement of these cuts.
We then counted the number of patients correctly
classified to give a classification accuracy. To assess how
our approach might perform on new, unseen patients,
we performed an alternative approach using leave-one-
out cross validation (Supplementary Analysis S2).

Ethics
The study was approved by the Health Research Au-
thority (22/SC/0016). Pseudonymised data were ana-
lysed under the approval of the Newcastle University
Ethics Committee (2225/2017).

Role of funders
None of the funding sources played a role in the study
design, data collection, data analyses, interpretation, or
writing the manuscript.
Results
Resection of maximal abnormalities was associated
with better surgical outcomes
First, we investigated whether resection of maximal
abnormalities was associated with better surgical out-
comes. We illustrate our findings with two example
patients (Fig. 3A). In our first patient, the SVM sepa-
rated the resected and spared regions, in terms of ab-
normality (left panel of Fig. 3A). Abnormalities were not
necessarily concordant. For example one resected region
is highly abnormal in dMRI, but not in iEEG data
(indicated by red single arrow). Furthermore, two other
regions were abnormal for iEEG, but not dMRI data (red
double arrow). Although abnormalities were not
concordant, the SVM did separate the resected and
spared regions. This patient had abnormalities resected
(i.e. red shading in upper right in contrast to lower left)
and was seizure-free. We term this successful separa-
tion and resection as a ‘tendency to resect maximal ab-
normality’. Furthermore, the lack of full concordance
5
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Fig. 2: Connectivity and iEEG abnormalities in two example patients. The brain plots show connectivity (left) and iEEG abnormalities (right) for
the regions implanted with iEEG electrodes in two example patients (Panel A: good outcome; Panel B: poor outcome). Regions are coloured
depending on whether they were resected (red) or spared (blue) in surgery. Increasing point size relates to increasing abnormality. The same
information is shown on plots with the x-axis indicating whether a region was resected or spared and the y-axis indicating abnormality size.

Fig. 3: Patients with resection of maximal abnormalities were more likely to be seizure-free. A) The iEEG and connectivity abnormalities
from two example patients. Each point is either a resected (red) or spared (blue) region. Abnormalities were not correlated in all patients. For
example, Patient 1 had some high-connectivity and low-iEEG abnormalities (single red arrow), and some low-connectivity and high-iEEG
abnormalities (double red arrows). Within each patient, a SVM separated the regions into resected and spared zones based on the size of
abnormalities. If the top right of the plot was in the resected (red) zone, then that patient had maximal abnormalities resected. The SVM
successfully separated the abnormalities into two zones in 28 out of 43 patients. B) For these patients, surgical outcome was related to
resection of maximal abnormalities.
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between modalities in patient 1 suggests complemen-
tary information across modalities.

In our second patient (right panel of Fig. 3A), regions
which were spared, shown in blue, were abnormal in
both modalities (iEEG on the x-axis, dMRI on the y-axis).
In contrast, the resected regions were much more
normal (red data points closer to the axes origin).
Furthermore, the support vector machine separated the
two (resected and spared) groups well (shaded areas of
graph). Taken together, the abnormalities across the two
modalities could be clearly separated by their resection,
but those regions which were resected were not
abnormal in either modality. In contrast to patient 1,
this patient was subsequently not seizure-free (ILAE 4).

We next applied a SVM to all patients to separate
regions into spared and resected zones, based on ab-
normalities in the two modalities. Of the 43 patients in
our cohort, 28 had a clear separation of resected and
spared regions using the SVM. Patients with a tendency
to have maximal abnormalities resected (i.e. those
similar to patient 1) were 15 times more likely to be
seizure-free than those that had maximal abnormalities
spared (odds ratio 95% confidence interval = [2.26,
99.64], Chi-squared p-value = 0.008, Fig. 3B). For those
patients with no clear separation of resected and spared
regions, neither seizure-free nor not-seizure-free out-
comes were more likely (seizure-free: n = 11, not-
seizure-free: n = 4; p = 0.12).

In a Supplementary Analysis, we found that there
was no cohort-wide correlation between iEEG and con-
nectivity abnormalities (Supplementary Analysis S1).
This finding, along with those in Fig. 3A, suggests
complementary information from the two modalities.
Results were consistent across subgroups of both MRI-
positive (n = 23) and MRI-negative (n = 20) patients
(Supplementary Analysis S6).

Both modalities distinguish patient outcomes and
provide complementary information
Next, we investigated whether resection of the largest
abnormalities in both modalities could separately
distinguish patient surgical outcome in the full cohort of
patients. We analysed abnormalities in the resected and
spared regions using the DRS measure. Applying DRS

individually to connectivity abnormalities (AUC = 0.75,
p = 0.003; Fig. 4A) and iEEG abnormalities (AUC = 0.67,
p = 0.03; Fig. 4B) separated outcome groups well. Re-
sults were consistent across subgroups of both MRI-
positive (n = 23) and MRI-negative (n = 20) patients
(Supplementary Analysis S6).

Perhaps unsurprisingly given the lack of correlation
in the underlying abnormalities (Fig. 3A,
Supplementary Fig. S1) and the fact that the connectivity
measure included all regions, DRS values in both mo-
dalities were uncorrelated across patients (r = 0.03,
p = 0.84). Since both iEEG and connectivity abnormal-
ities were separately predictive of patient outcome, but
www.thelancet.com Vol 97 November, 2023
the underlying abnormalities were typically uncorre-
lated, useful complementary information may exist
when combining the two modalities.

We applied a decision tree to dMRI and iEEG DRS

values simultaneously to classify patients as seizure-free
or non-seizure-free. Using the full cohort, 36 out of 43
patients (84%) were correctly classified (Fig. 4C). We
compared to an alternative approach to predict surgical
outcome of unseen patients using leave-one-out cross
validation (Supplementary Analysis S2). This alternative
approach predicted patient outcomes with an accuracy
of 72% (sensitivity = 0.76, specificity = 0.67).

dMRI abnormalities may inform iEEG placement
and surgical resection
We next retrospectively investigated the feasibility of
using dMRI to inform iEEG placement and subsequent
surgical resection. We present a case study using a
single patient (Fig. 5).

This patient underwent a non-invasive pre-surgical
evaluation that was inconclusive (Fig. 5). This evaluation
included semiology, scalp video-EEG, MRI, FDG-PET
and MEG. Sufficient uncertainty surrounding the loca-
tion of the EZ remained, so the patient underwent a
large intracranial EEG implantation in the right hemi-
sphere. This implantation included frontal, insula, pa-
rietal, temporal, subcortical and occipital regions. The
patient proceeded to a right anterior temporal lobe
resection and was seizure free post-operatively (ILAE 1).

Pre-operative dMRI was also acquired for this pa-
tient. Our retrospective analysis presented here suggests
the right temporal pole and right inferior temporal gy-
rus had the greatest abnormalities compared to what
would be expected in health (Fig. 5A, top right inset
orange circled red anterior area). These regions were not
implanted with iEEG electrodes and therefore the iEEG
DRS analysis unsurprisingly performed poorly in this
patient (iEEG DRS = 0.76). The connectivity analysis
correctly predicted that the patient would be seizure-free
following surgery (dMRI DRS = 0.11). Four additional
case study patients are presented in Supplementary
Analysis S4. Incorporating the analysis of dMRI abnor-
malities into the pre-surgical evaluation process
(Fig. 5B) may have suggested a modified implantation or
to more anterior temporal regions, or even to proceed
straight to surgery.
Discussion
Structural connectivity abnormalities and iEEG abnor-
malities may be used to predict post-surgical outcome
following epilepsy surgery. Specifically, we found that
both modalities were separately able to distinguish
outcome groups. When used together, iEEG and con-
nectivity abnormalities provided good predictive ability
and complementary information. Additionally, incor-
porating dMRI abnormalities into pre-surgical
7
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Fig. 4: Connectivity and iEEG abnormality distribution in resected versus spared tissue explains post-surgical seizure freedom. Both A)
connectivity DRS and B) iEEG DRS were used to separate patients based on surgical outcome. The top plots in each panel show regional ab-
normalities, indicated with circular points, in example patients. The bottom plots in each panel show patient DRS values, indicated with diamond
points. C) A decision tree was fit to both DRS values simultaneously to classify patient outcome, achieving an accuracy of 84%.
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Fig. 5: Incorporating dMRI into pre-surgical evaluations–a case study. A) The connectivity abnormalities are shown for an example patient
(iEEG DRS = 0.76, connectivity DRS = 0.11). Regions with a black triangle indicate that the region was sampled by iEEG implantation and a red
outline indicates that region was resected in surgery. Despite a relatively widespread implantation, the regions with the largest connectivity
abnormalities were not implanted, but were resected. This patient was seizure-free following surgery. B) Incorporating connectivity abnor-
malities from diffusion-weighted imaging into the pre-surgical evaluation may allow for more targeted iEEG implantation or avoiding the need
for implantation altogether.

Articles
evaluations could aid placement of iEEG electrodes and
subsequent resection.

Whilst traditionally used to avoid resection of key
white matter tracts, dMRI may also be beneficial for the
localisation of epileptogenic tissue. Few studies have
evaluated structural connectivity abnormalities in this
context. Fewer abnormalities of individual ipsilateral
connections24 and a smaller number of regional con-
nectivity abnormalities remaining after surgery19 have
both been shown to be associated with better surgical
outcomes in TLE.21 Our approach differed from these
studies. We analysed a more heterogenous cohort,
including extra-temporal cases, and considered abnor-
malities specifically as FA reductions, since they are
more often observed than FA increases in white matter
connections in patients with epilepsy.14 Nevertheless, we
also found that the surgical removal of larger connec-
tivity abnormalities in individual patients was indicative
of seizure freedom. These results suggest that FA re-
ductions may have potential as a localising biomarker of
epileptogenic tissue in extratemporal epilepsy as well as
TLE.
www.thelancet.com Vol 97 November, 2023
Intracranial EEG recordings are primarily acquired
to identify seizure onset regions, rather than for inter-
pretation of interictal activity, although the latter may be
informative.30–34 Given the invasive nature of iEEG re-
cordings, it is imperative to extract maximum value
from the data, especially since many patients continue
to have seizures post-operatively. Our approach uses two
data types (dMRI, interictal iEEG) which are commonly
acquired, but traditionally assigned lower clinical
importance for localisation. Our quantitative demon-
stration that both modalities have complementary
localisation information suggests these may be clinically
useful.

Compared to dMRI, the sampling from iEEG is more
sparse and non-uniform across patients. This non-
uniformity is exaggerated by the heterogeneous cohort
of temporal and extratemporal patients. The ability of
our SVM approach and iEEG DRS measure to detect
epileptogenic regions is clearly dependent on those re-
gions being covered by electrode implantation (in addi-
tion to some non-pathological tissue). Given that regions
targeted with iEEG implantation are inherently
9
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suspected as epileptogenic from other biomarkers of
epileptogenicity (semiology, ictal onset, MRI abnormal-
ities etc.), it is likely but not guaranteed that the
implantation covers the epileptogenic zone. Diffusion-
weighted MRI has full coverage of the brain so does
not suffer from this limitation. As a result, dMRI may
prove a useful additional modality to consider before
iEEG implantation, particularly when localisation from
other modalities is inconclusive.

Perhaps surprisingly, we found little evidence of
abnormalities in both modalities occurring in the same
regions within patients. Whilst there was a correlation
in some patients (e.g. Patient 2 in Figs. 2 and 3), this
was not consistently observed across all patients
(Supplementary Analysis S1). Connectivity abnormal-
ities and iEEG abnormalities may therefore be driven by
different underlying mechanisms in a distributed
epileptogenic network, possibly involving excitotox-
icity,35 ischaemia36 or protein aggregation,37 which may
or may not manifest in abnormal neural dynamics.
Further, seizures could be associated with different
mechanisms both within and across patients, with
localised abnormal dynamics at seizure onset regions
affecting more widespread connectivity as seizures
spread. Hence, both modalities can provide comple-
mentary information in identifying epileptogenic re-
gions to be targeted by resective surgery.

The importance of quantitatively analysing multi-
modal data is increasingly being recognised in epilepsy
research.38–41 Our approach of quantifying abnormalities
relative to a normative dataset could be easily extended
to more than two modalities such as MEG,12 T1-derived
structural abnormalities,42,43 or fMRI-derived functional
abnormalities.44,45 Epileptogenic regions may or may not
be measurably abnormal across several different mo-
dalities. Further research is needed to learn when to
expect concordance or discordance, as this may be
specific to the type of pathology. Machine learning ap-
proaches such as SVM and decision trees, as applied
here, could similarly be used to identify which patients
had abnormalities resected across three or more mo-
dalities. In our work, we wanted to investigate the pre-
dictive ability of modalities not usually considered in
pre-surgical evaluations. In reality, this would be used
in conjunction with traditional clinical parameters. This
incorporation of additional data may further improve
the retrospective (and eventually prospective) prediction
of surgical outcome.

Our approach retrospectively analysed patients to
predict seizure freedom. Whilst this is important, it is
clearly more clinically useful to prospectively predict
seizure freedom following surgery. The methods that
we use in this study could be modified for prospective
use. Both dMRI and iEEG abnormalities could be
calculated pre-surgery. Once a proposed resection is
formulated, both the SVM and DRS analyses could be
applied using these hypothetical/proposed regions to
generate a prediction of whether the patient would
become seizure free or not. This may inform resection
pre-operatively, obviously notwithstanding for what is
actually feasible for resection.

Patients who require iEEG are less likely to be
seizure free than are those who do not need this,
because of the inherent selection bias towards those in
whom the location of the epileptogenic zone and
network are uncertain.46 The development of methods
that can accurately determine the epileptogenic zone is
therefore particularly important for these patients. The
results presented here are promising given the hetero-
geneous cohort of patients with iEEG implantation,
achieving comparable accuracies with other studies.47–49

Our approach for detecting abnormalities in interictal
iEEG activity involved taking the maximum relative
bandpower abnormality across five frequency bands.10

This was done to account for various types of interictal
abnormalities that could occur. Employing other ap-
proaches, including analysing specific frequency bands,
may also be beneficial. The fact that our approach is
entirely data driven is a strength of our study without
the need to pre-define what is or is not epileptiform.
However, there are limitations to this study. Firstly, our
sample size is relatively small and from a single site.
Replication using larger, multi-site, cohorts will be
important for future translation.50 This replication
should be achievable since normative mapping ap-
proaches have been applied by other sites using both
iEEG11 and dMRI.24 Secondly, this is an observational
study and firm inferential conclusions cannot be rigor-
ously concluded with this approach. Thirdly, our
method to calculate a region’s connectivity abnormality
averages the abnormality in all white matter connections
to/from that region. This implicitly assumes that
connection abnormalities behave similarly, which may
not necessarily be the case.

Future work in this area could aim to streamline and
quantify the pre-surgical evaluation process. In partic-
ular, it could investigate whether an individual patient a)
could proceed straight to surgery without the need for
iEEG implantation if dMRI abnormalities concur with
other modalities, b) requires a targeted iEEG implanta-
tion, informed by dMRI and other modalities or c) is
unlikely to be a good surgical candidate if abnormalities
are too widespread.

Taken together, our results suggest that it is possible
to determine the surgical outcome of patients with a
good degree of accuracy using both dMRI and iEEG
abnormalities. Incorporating this information into pre-
surgical evaluations may increase the likelihood of
seizure freedom for those patients whose epilepsy was
previously difficult to localise.
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